Speech processors extracting either the fundamental frequency (FO) alone, or the fundamental frequency combined with second formant information (F0-F2), have been evaluated on a totally deaf patient using a multiple-channel cochlear implant. A closed set test using 16 spondees and a modified rhyme test showed that for electrical stimulation alone the F0-F2 speech processor was significantly better than the FO processor. The open set tests using phonetically balanced words and Central Institute for the Deaf everyday sentences showed that for electrical stimulation alone and electrical stimulation combined with lipreading, the results with the F0-F2 speech processor were all significantly better than with the FO processor. Information transmission for consonant speech features was also better when using the F0-F2 processor.
INTRODUCTION
Electrical stimulation of residual auditory nerve fibers can help postlingually deaf patients commun icate,'"' and it also offers hope of assisting the prelingually deaf. For further progress in the field it is important to evaluate the various speech-processing and stimulus systems available, and to design and develop others.
For this reason it was considered of value to com pare the effects of two speech-processing strategies on our first postlingually deaf cochlear implant pa tient. On Aug 1, 1978 this patient had a receiverstimulator implanted in the mastoid bone, and a 10-channel multiple-electrode array inserted through the round window and along the scala tym pani of the basal turn of the cochlea.
Following a series of psychophysical tests, a speech-processing strategy was developed where the voicing frequency of speech (FO) and its energy (AO) were extracted using a 400-Hz low-pass filter, and an energy threshold detector of AO was used to de termine whether voicing was present or not. In the presence of voicing the pulse rate on electrodes was made proportional to FO. If voicing was absent a constant low pulse rate was used since it produced a sensation described as "rough" which was similar to a "noise" sensation previously experienced by the patients when they had hearing. In addition, the frequency of the dominant spectral peak in the midfrequency range, called the second formant fre quency (F2), and the energy associated with this peak (A2) were estimated from the output of a 750 to 4,000-Hz band-pass filter. For a given F2 esti mate, an electrode was selected from a predeter mined F2-to-electrode transformation map, which had been constructed by ranking the electrodes from dullest to sharpest, and assigning frequency subbands to these electrodes in an order from lowest to highest. Similarly, the current level was deter mined on the basis of an A2-to-current-level map. The speech parameters were determined every 10 ms and only one electrode was activated within a 10-ms time frame.'" Since May 1980 the patient has been continuously using a wearable speech processor in his home en vironment. During this time the processor extracted and presented him with both FO and F2 frequen cies. In March 1982 a study was undertaken to com pare the speech information perceived when ex tracting either the FO alone, or both the FO and F2. To be sure the patient was receiving maximal infor mation in the FO mode, equal exposure to an FO speech processor would have been desirable. It was difficult to get the patient to accept this training routine as he had experienced better speech percep tion with a F0-F2 processor right from the outset when informal comparisons were made with an FO processor. It was therefore necessary to assume that in the combined F0-F2 mode, the amount of infor mation obtained through the FO channel was op timal. An audiological evaluation of the two pro cessors using closed sets of 16 For example, if, in the present study, there were an equal num ber of voiced and unvoiced consonants, one bit of information would be present in the stimuli presented. One bit of information being transmitted is a choice between two alternatives. If all the voiced consonants were correctly distinguished from the unvoiced consonants, one bit of information would have been transmitted, and the information transmission would be 100%. If the patient were to guess the result on the basis of prior knowledge, he/she would at best be right 50 % of the time, and in this case 0 % infor mation would have been transmitted. Consequently, information transmission is a more meaningful way of assessing a patient's re sponse than recording a percentage-correct score. In the present study information transmission was obtained from the confusion matrices using each cell to calculate the bits of information transmitted from the stimulus to the response, and the bits of in formation available in the stimulus. The results were obtained from both 120 observations/matrix and 240 observations/matrix, which are smaller than previous studies."''^ This would tend to be an overestimate of the information transmission statistics. As twice as many observations were made for the F0-F2 compared to the FO processor, the FO results could also be an overestimate. The application of the information-transmission analysis to our studies is described in more detail by Dowell et al."
RESULTS
The results of the 16-SP word, MRT word, AB word, WIPI word, and CID sentence tests for the FO and F0-F2 speech processors are shown in Table  1 . It can be seen that, for the closed set 16-SP words and EA condition, the FO processor gave a 28% score. This increased to a score of 100% for the F0-F2 processor, and was statistically significant at the 0.05% probability level. With closed sets of MRT words the scores for Ε A were 24% for the FO processor and 50% for the F0-F2 processor; this difference was significant. For the EL condition the improvement with the F0-F2 processor was not sig- Finally, the results for the CID everyday sentences showed significantly improved performances for the F0-F2 versus the FO processor for both the EA and EL conditions. The score increased from 0% to 22% for Ε A, and from 60% to 98% for EL. Table 2 shows the information transmission ob tained with both the FO and F0-F2 processors for the speech features: voicing, nasality, affrication, duration, and place, and the consonants Ihl, I pi, Iml, Ivl, HI, Idl, Itl, Inl, Izl, Isl, Igl and /k/. With the EA condition the percentage information transmission was essentially the same for both pro cessors for the voicing distinction (26% FO; 25% F0-F2). On the other hand, for all other speech features, better scores were obtained for the F0-F2 processor compared to the FO processor. The overall transmission also increased from 35% for the FO processor to 42% for the F0-F2 processor. The speech feature scores were all higher for the F0-F2 processor compared to the FO processor for the EL condition. Overall transmission also increased from 63% for the FO processor to 75% for the F0-F2 pro cessor.
DISCUSSION
The results of the evaluation of the two speechprocessing strategies showed that for EA the F0-F2 processor was always significantly better than the FO processor. This finding is consistent with our previous psychophysical results, where spectral in formation could be perceived by our multiplechannel cochlear implant patients on the basis of the site of electrode stimulation,^" and where site and rate of stimulation are perceived as two sepa rate percepts." " Consequently, the F0-F2 speechprocessing strategy, where voicing is represented as rate and the second formant as site of stimulation, conveys more information than the FO processor, where only voicing is transmitted.
This was confirmed by our consonant-confusion study where the results showed that voicing was transmitted equally well by both the FO and F0-F2 speech processors, but nasality, affrication, dura tion and place were all better transmitted by the F0-F2 processor. Fundamental frequency alone is not the only cue for voicing. Voice onset time and first formant (Fl) transition are also important. Further improvements in speech processing should be possible if these cues are also maximized. The better performance for nasality with the F0-F2 pro cessor was probably due to the fact that a rising or falling F2 is important for the perception of these phonemes^' " and is conveyed by the F0-F2 pro- tested were b, p, m. V, f, d, t, n, z, s, g ; , and k.
CID sentence tests are a measure of differences be tween the processors for normal discourse.
The better performance of the F0-F2 compared to the FO speech processor when used in combina tion with lipreading was also seen when consonant speech-feature information transmission was mea sured. As shown in Table 2 , information transmis sion was better for all speech features using the F0-F2 processor. Improvements obtained for nasali ty, affrication, and duration may not be as great as those recorded, as the F0-F2 processor also showed better scores for these features for LA. The scores for LA in the F0-F2 evaluations were obtained some months before those with the FO processor, and minor differences in the lighting conditions and the small numbers of contrasting speech features in the test could account for the discrepancies. There were, however, a greater number of contrasting features in the test for voicing and place of articula tion, and the results are therefore more reliable. They indicate that for place of articulation, the F2 information supplemented the lipreading cues and improved speech comprehension. The results ob tained with voicing are more difficult to explain. They are, however, consistent with a previous study using the F0-F2 processor where the voicing results for EL were also better than EA.'^ This is probably due to the test design where the voicing score also depends on the recognition of other features. For example, in detecting voicing in the above set of consonants, nasality cues can also be used.
cesser. With affrication, concentrations of frequen cy energy in the F2 region" are the important cues, and this would explain the better performance of the F0-F2 processor. Furthermore, for fricatives, the duration of the burst of noise, the closure inter val, and the duration of the associated vowels also help to distinguish them from plosives and from each other. The improved performance with the F0-F2 processor for the duration feature is in teresting. Both processors should convey timing in formation equally well. The important cue, how ever, is mostly timing in relation to the F2 and this would, therefore, explain the better performance with the F0-F2 processor. The most significant cue for place is the F2 transition^and, since this was transmitted by the F0-F2 processor, this would ex plain the better results. Finally, as Fl information can also be useful in the perception of consonants and vowels, it is to be expected that improvements will result if speech processors transmit Fl as well as FO and F2 information. Psychophysical studies on our first patient have, in fact, shown that this is possible with multichannel stimulation.^' When electrical stimulation was combined with lipreading, the scores obtained with the F0-F2 pro cessor were significantly better for all tests except the MRT word lists, where the improvement from 76% to 84% was not significant. In this case, the relatively high score obtained with FO suggests that the test is not sensitive. The significantly better re sults of the F0-F2 processor in the combined EL condition for all the AB word, WIPI word, and
